Naturally occurring mutations in the ribonucleoprotein reverse transcriptase, telomerase, are associated with the bone marrow failure syndromes dyskeratosis congenita, aplastic anemia, and idiopathic pulmonary fibrosis. However, the mechanism by which these mutations impact telomerase function remains unknown. Here we present the structure of the human telomerase C-terminal extension (or thumb domain) determined by the method of single-wavelength anomalous diffraction to 2.31 Å resolution. We also used direct telomerase activity and nucleic acid binding assays to explain how naturally occurring mutations within this portion of telomerase contribute to human disease. The single mutations localize within three highly conserved regions of the telomerase thumb domain referred to as motifs E-I (thumb loop and helix), E-II, and E-III (the FVYL pocket, comprising the hydrophobic residues Phe-1012, Val-1025, Tyr-1089, and Leu-1092). Biochemical data show that the mutations associated with dyskeratosis congenita, aplastic anemia, and idiopathic pulmonary fibrosis disrupt the binding between the protein subunit reverse transcriptase of the telomerase and its nucleic acid substrates leading to loss of telomerase activity and processivity. Collectively our data show that although these mutations do not alter the overall stability or expression of telomerase reverse transcriptase, these rare genetic disorders are associated with an impaired telomerase holoenzyme that is unable to correctly assemble with its nucleic acid substrates, leading to incomplete telomere extension and telomere attrition, which are hallmarks of these diseases. . 2 The abbreviations used are: TERT, telomerase reverse transcriptase; DKC, dyskeratosis congenital; AA, aplastic anemia; IPF, idiopathic pulmonary fibrosis; TRBD, telomerase RNA binding domain; TBE, template boundary element; CR4/5, telomerase RNA activation domain; FP, fluorescence polarization; SUMO, small ubiquitin-like modifier.
Human telomerase is a ribonucleoprotein reverse transcriptase that replicates the ends of eukaryotic chromosomes (1) . The protein subunit, TERT, 2 consists of several domains (TEN, TRBD, RT (fingers and palm), and thumb) organized into a closed, ring configuration, generating a large cavity in the interior of the ring and where the RNA template and the DNA bind during telomere elongation (2) (3) (4) (5) . The closed configuration of the TERT ring is stabilized by extensive interactions between the thumb and TRBD domains as well as by protein-RNA interactions (3, 6) .
Several invariable motifs in the interior cavity of the TERT ring coordinate the RNA template and telomeric overhang (RNADNA hybrid) and position the 3Ј end of the DNA for catalysis (2, 3) . These include motifs E-I and E-II of the thumb domain, which bind the RNADNA hybrid and stabilize the telomerase elongation complex (2, 7) ; the primer grip region that guides the DNA at the active site of the enzyme and motifs 2 and BЈ of the fingers and palm domain, respectively, which position the RNA template above the active site of the enzyme for nucleotide binding and selectivity (2, 3) .
Current evidence shows that the RNA binding domain of telomerase (TRBD) binds the template boundary element (TBE) and the activation domain (CR4/5) of telomerase RNA (8 -12) . The TBE is a stem loop located only a few nucleotides upstream of the RNA template and is coordinated by the T, CP, and CP2 motifs in Tetrahymena thermophila (13, 14) or T, CP, and TFLY in vertebrates (8) . These TBE-binding motifs are located at the interface of the TRBD and fingers domains, and together they form a well defined indentation on the surface of the protein providing the platform for a network of nonspecific interactions with the TBE (13) . Binding of the TBE to TRBD positions the RNA template at the active site of the enzyme thus promoting nucleotide binding and selectivity (3) . We previously proposed, and it was subsequently shown, that the TRBD-TBE interaction provides the steric block that prevents TERT from replicating beyond the 5Ј end of the RNA template thus promoting telomerase repeat addition processivity (2, 4, 13) .
The telomerase activation domain consists of the stem loops P6a/b, P6.1, and P5 (15) and is coordinated by the VSR motif of TRBD and motifs E-II and E-III (FVYL pocket) of the thumb domain (6, 9, 10) . Although CR4/5 is primarily coordinated by the TRBD, its stem loop P6.1 extends across the TRBD-thumb interface and binds the FVYL pocket of the thumb domain (6) . Extensive interactions between the CR4/5 and the terminal domains of the TERT ring most likely stabilize the telomerase ribonucleoprotein complex and lock the closed ring configuration of TERT during telomere elongation.
Several naturally occurring mutations within the thumb domain contribute to the rare genetic disorders dyskeratosis congenita (DKC), aplastic anemia (AA), and idiopathic pulmonary fibrosis (IPF). With the exception of AA, which is acquired, these disorders are inherited in an autosomal dominant pattern (16 -19) . DKC affects multiple parts of the body including nail shape and growth, skin discoloration, and oral leukoplakia (20 -22) . Patients affected by DKC may also develop aplastic anemia, a bone marrow failure disorder that interferes with the production of normal levels of red blood cells (23) . DKC patients are also high risk for IPF, a disease associated with lung scaring and decrease in oxygen transport to the body (24) . In addition to AA and IPF, DKC patients are also high risk cases for cancers of the neck, head, genitals, and anus. In its most severe form, DKC patients develop Hoyeraal Hreidarsson syndrome usually associated with an unusually small cerebellum and impairment of motor skills (25) .
Here we report the structure of the human telomerase thumb domain and explain the role of the naturally occurring mutations in human disease. The structure reveals that the majority of these mutations localize to the nucleic acid binding regions of the protein, which includes motifs E-I, E-II, and E-III. Biochemical assays show that these disease-associated mutations interfere with proper telomerase elongation complex formation leading to telomere attrition and loss of cell viability.
Results
Structure of Human Telomerase Thumb Domain-We identified a construct of the human telomerase thumb domain (hThumb) consisting of residues 961-1132 by limited proteolysis ( Fig. 1A) . A longer construct consisting of residues 941-1132, which contains the thumb loop, a portion of motif E-I (3), produced low protein yields sufficient for biochemical but not crystallographic studies. We subsequently solved the structure of hThumb 961-1132 to 2.31 Å resolution using the method of single-wavelength anomalous dispersion and a mercury derivative ( Table 1 ). The structure revealed clear density for residues 965-1122 (Fig. 1C ). The structure is an all helical bundle (Fig. 1, B and D) and is structurally conserved with the Tribolium telomerase thumb domain (tcThumb; root mean square deviation, 2.5 Å) FIGURE 1. Structure of the human TERT thumb (hThumb) domain. A, primary structure of human TERT showing domains in distinct colors. Conserved motifs of the thumb domain are highlighted. B, X-ray crystal structure of the hThumb domain. Motifs E-I, E-II, E-III, and E-IV are shown in green, blue, purple, and red, respectively. C, simulated annealing omit map of residues 968 -986 of motif E-I. D, topology schematic of hThumb. The same color scheme as that of B is used. E, sequence alignment of human and Tribolium thumb domains. F, structural overlay of the human (salmon) and Tribolium (lime green) thumb domains.
( Fig. 1 , E and F). Within this domain there are three conserved motifs (E-I, E-II, and E-III; Fig. 1 , B and C) involved in nucleic acid binding (2, 3) . Of note is the displacement of part of motif E-I by the same helix of a crystallographic symmetry related molecule (supplemental Fig. S1, A and B) . The flexibility of a small portion of E-I of the isolated thumb domain can be attributed to the absence of contacts with the TRBD domain observed in the full-length TERT, which stabilize this motif (2, 3) . Occupation of the displaced helix by a crystal symmetry-related one further confirms the structural and functional conservation of this helix in telomerases across species.
Another highly conserved region of the hThumb is the FVYL pocket formed by the loops that connect motifs E-I, E-II, and E-III and was previously suggested to bind the P6.1 stem loop of CR4/5 (6) . The FVYL pocket is located at the interface of the TRBD-thumb domain and is ϳ12 Å away from the nearest TRBD residue. The human FVYL pocket is the result of a small gap, generated by the organization of the tips and connecting loops of helices ␣2, ␣3, and ␣4, ␣5 (Fig. 1, B and D) . The organization of the tips of these helices generates a gap 14 Å wide and 8 Å deep and is sufficient to accommodate 2-3 nucleotide bases. The solvent-exposed, hTERT loop that connects helices ␣2 and ␣3 makes extensive interactions with the TRBD and contributes to the closed ring TERT configuration. In the absence of contacts with TRBD, this loop is flexible with Val-1025 partially occupying the FVYL pocket ( Fig. 1, B and D) . It is worth noting that the high salt crystal growth conditions may have also facilitated binding of Val-1025 into this hydrophobic region of the protein.
hThumb Disease Mutations Disrupt Protein-Nucleic Acid Binding-To better understand the role of hThumb mutations in human disease, we tested the ability of these mutant proteins to bind an RNADNA hybrid (hRNADNA) consisting of the human telomerase RNA template (CUAACCCU) and telomeric DNA (AGGGTTAG). To perform these assays, we overexpressed and purified to homogeneity the hThumb WT and R972H, R979W, C1015R, L1019F V1025F, N1028H, K1050E, and V1090M mutant proteins. We tested these proteins for binding to the hRNADNA hybrid using fluorescence polarization (FP) assays. It is worth noting that the V1025F mutant protein appears to aggregate in solution when overexpressed as an independent domain, and therefore we were unable to obtain a reliable K d for this protein. The WT, hThumb binds the hRNADNA hybrid with ϳ450 nM binding affinity (Fig. 2, A and B, and supplemental Table S1 ). The mutant proteins located in motif E-I and E-II and make direct contacts with the hRNADNA hybrid (R972H, R979W, and K1050E) showed significantly lower affinity (2.6-, 4-, and 2.4-fold) for the hRNADNA hybrid than the WT protein. Similarly, the C1015R mutant, which contributes to the structural organization of this region of the protein and therefore the binding of the hRNADNA hybrid, also showed significantly lower affinity for the hRNADNA hybrid (4.6-fold) than the WT protein. Surprisingly, the L1019F showed almost wild type affinity for the hRNADNA hybrid (1.3-fold) compared with the WT protein ( Fig. 2, A and B, and supplemental Table S1 ). Contrary to the mutations that contribute to hybrid binding, N1028H and V1090M showed a slight (1.5-fold) decrease in hRNADNA binding affinity, which is within the margin error. It is worth noting that in the full-length TERT, the hRNADNA hybrid makes additional contacts with the TRBD and RT domains (2, 6) . We therefore expect a higher affinity for the hRNADNA in the context of the full-length protein, consistent with what has been previously reported (26) .
hThumb Disease Mutations Impair Telomerase Activity and Processivity-We then asked how the disease associated mutations affect the activity and processivity of telomerase. To address this question, we performed direct telomerase activity assays. As a source of telomerase, we used lysates of HEK293T cells transfected with the plasmids pcDNA6-hTERT and pBS-U1-hTER overexpressing telomerase. (The plasmids were a gift form Joachim Lingner's laboratory at the Swiss Institute for Experimental Cancer Research.) Prior to carrying out the telomerase activity assays, we checked the levels of WT and mutant hTERT in cell lysates. We did so by Western blotting analysis, using a hTERT, specific antibody (abx120550, Abbexa (27)), as described previously in Bryan et al. (6) . Western blotting analysis showed that all hThumb WT and mutant proteins (R972H, K1050E, V1025F, and N1028W) express at nearly WT levels with subtle differences between them (Fig. 3A) . The final activity and processivity of WT and mutant telomerases were adjusted for the subtle differences observed in the protein levels expressed and were quantified as previously described by Latrick and Cech (28) (details of activity and processivity quantifi- cation can be found in the methods section of the manuscript; supplemental Fig. S2 ).
Depending on the severity of the TERT mutations, some mutant proteins show modest loss of telomerase activity and processivity, whereas others render the enzyme almost inactive (Fig. 3B ). Mutations that make direct contacts with the hRNADNA hybrid or are important for the organization of these motifs show the most severe defects in telomerase activity and processivity. These include R972H and R979W of motif E-I and K1050E of motif E-II ( Fig. 4 , A-C). R972H and K1050E show 2-fold loss of activity and processivity each, relative to the WT telomerase. The severe R979W mutation results in 4-fold loss of activity and 20% of processivity compared with the WT enzyme ( Fig. 3, B-D) .
The TERT mutants C1015R and L1019F, which comprise part of motif E-I, are located in proximity to each other and are buried in the core of the protein. These two TERT mutations have significantly different effects in telomerase activity and processivity. C1015R shows 4-fold loss of activity and 20% loss of processivity relative to the wild type enzyme. In contrast, L1019F is almost 50% active compared with the WT enzyme, whereas its processivity is WT-like ( Fig. 3, B-D) .
The TERT mutations V1025F and N1028H comprise part of the loop that connects motifs E-I and E-II, while V1090M is part of motif EIII and they all form part of the FVYL pocket. These mutant proteins show a variety of changes in activity and processivity when compared with the WT protein. V1025F is 20% active and 70% processive relative to the WT telomerase; N1028H is 40% active, whereas its processivity is almost WT (90%), and V1090M is 80% active and processive when compared with the WT enzyme ( Fig. 3, B-D) . Interestingly, A1062T shows WT activity and processivity within the margin of error.
Discussion
To better understand the role of the naturally occurring telomerase mutations associated with the bone marrow failure syndromes DKC, AA, and IPF, we solved the structure of human telomerase thumb domain and performed a host of biochemical assays all geared toward understanding how these mutations affect telomerase function. The hThumb structure is structurally conserved to the Tribolium thumb domain (tcThumb) (Fig. 1, D and E) , supporting structural conservation across species. The structural similarity between the two proteins allowed us to generated a telomerase model consisting of an overlay between the tcTERT-hRNADNA complex (PDB code 3KYL) and the hThumb domain (Fig. 4A) . The overlay places the hThumb motifs E-I and part of motif E-II in the interior cavity of the TERT ring, where the hRNADNA hybrid binds (Fig. 4A ). There are three residues within these two motifs implicated in DKC. These include R972H, R979W, and K1050E. The charged side chains of Arg-972 and Arg-979 of motif E-I and Lys-1050 of motif E-II extend toward the center of the TERT ring where the hRNADNA hybrid is located (Fig. 4B ). Arg-979 is within coordinating distance of the hRNADNA hybrid. Arg-972 and Lys-1050 are ϳ5.5 Å from the nearest nucleic acid residue, which is sufficient for solvent mediated coordination. Alternatively, a slight structural rearrangement of the nucleic acid or of motif E-I and E-II could place the Arg-972 and Lys-1050 side chains within direct coordinating distance of the hRNADNA hybrid. Altering the long positively charged side chain of Arg-972 and Arg-979 into the shorter, bulkier histidine or tryptophan side chains would most likely disrupt the canonical contacts with the nucleic acid substrate thus interfering with telomerase function. In fact, the proximity of Arg-979 to the RNA-DNA hybrid suggests that the large tryptophan side chain may interfere with productive telomeric DNA binding and telomerase, elongation complex assembly. Consistent with this hypothesis, R972H and R979W show 2.6and 4-fold loss of hRNADNA binding affinity, respectively, relative to the WT enzyme ( Fig. 3, B-D) . Partial disruption of TERT-nucleic acid for R972H and K1050E leads to 50% loss of WT telomerase activity and processivity (Fig. 4, A-C) . The more severe R979W TERT mutant shows 80 and 20% loss of WT activity and processivity, respectively ( Figs. 3 and 4 ). WT and mutant hThumb RNA-DNA binding assays. A, fluorescence polarization assays of hThumb WT and mutant (R972H, R979W, C1015R, L1019F, N1028H, K1050E, and V1090M) proteins with an RNADNA hybrid consisting of the human telomerase RNA template and telomeric DNA (hRNADNA, rCrUrArArCrCrCrUrGrCdTdTdCdGdGdCdAdGdGdGdTdTdAdG; the stable tertraloop is shown in bold). B, bar graph showing the nucleic acid binding differences between the WT and mutant hThumb proteins. Ratio of mutant/WT hThumb, hRNADNA binding constants normalized to 1. All FP assays were carried out in triplicate and the average was used in these studies.
Interestingly, the mutant TERT A1062T does not affect telomerase function. A1062T shows nearly wild type telomerase activity and processivity (Fig. 3, B-D) . The biochemical data are further supported by the structure, which shows that A1062T is located at a solvent-exposed loop region of hThumb ( Fig. 4C ) and is at least 15 Å away from the nearest known functional site of TERT. Consistent with this hypothesis, it has been proposed that this mutation is also present in healthy subjects with telomere length within the normal range (16) . It has therefore been proposed that this mutation may be a rare polymorphism, which does not contribute to the development of bone marrow failure.
Two additional mutations associated with AA and IPF are C1015R and L1019F, respectively. Cys-1015 and Leu-1019 comprise part of helix ␣2 of motif E-I (Figs. 1, B and C, and 5A) . These residues are involved in direct interactions with helix ␣1, which contains Arg-972 and Arg-979, the two hThumb residues involved in interactions with the hRNADNA. Unlike Arg-972 and Arg-979, Cys-1015 and Leu-1019 are buried within the core of hThumb and are not in contact with the nucleic acid substrate (Fig. 5B) . Specifically, Cys-1015 is coordinated by the hydrophobic side chains of Met-970 and Leu-974 ( Fig. 5B) , whereas Leu-1019 is located adjacent to Cys-1015 and coordinated by Met-970 and Phe-1032 ( Fig. 5B ). Both residues are FIGURE 3. WT and mutant hTERT direct telomerase activity assays. A, Western blotting analysis of hTERT WT and mutant (R972H, R979W, C1015R, L1019F, N1028H, K1050E, A1062T, and V10190M) proteins overexpressed in HEK293T cells. B, direct telomerase activity assay of WT and mutant hTERT telomerases. Lysates of HEK293T cells overexpressing telomerase (HEK293T cells transfected with pcDNA6-hTERT and WT pBS-U1-hTER) were used in the experiment. C, quantification of WT and mutant hTERT telomerase activity (see "Experimental Procedures" for details). D, quantification of WT and mutant hTERT telomerase processivity. The direct assays were carried out in duplicate, and the numbers reported in this study are the averages; the discrepancies between runs were used to calculate the error. critical for the organization and positioning of helix ␣1 and possibly of the FVYL pocket. Substitution of these two residues with larger side chains would have an effect on the overall organization of the tertiary structure of hThumb and in particular of helix ␣1, which in turn would affect the fold of the protein and TERT nucleic acid binding. Consistent with this hypothesis, C1015R shows severe loss (4.6-fold lower than the WT protein) of nucleic acid binding (Fig. 2, A-C) , and telomerase activity and processivity (4-fold loss of activity and 20% loss of pro-cessivity compared with the WT enzyme) (Fig. 3, B-D) . Our data are further supported by telomere length studies on peripheral blood mononuclear cells from patients carrying the C1015R TERT mutation. Southern blot analysis of peripheral blood mononuclear cells from these patients showed marked telomere shortening frequently associated with low levels of telomerase or a dysfunctional telomerase holoenzyme (18) . In contrast to C1015R, substitution of the branched leucine (Leu-1019) side chain with the aromatic side chain of phenylalanine may be less disruptive to the fold of the protein. This is reflected in the WT binding affinity of this mutant TERT protein for the hRNADNA and its WT processivity compared with the WT enzyme ( Fig. 3, B-D) . Close inspection of the L1019F binding site shows that it can accommodate the larger phenylalanine side chain with some subtle (if any) rearrangement of the side chains of the surrounding residues (Fig. 5B) . However, the L1019F mutant shows 50% loss of WT telomerase activity, a defect that most likely contributes to IPF associated with this mutant.
The telomerase FVYL pocket is also contained within this domain, comprises one of the two most conserved regions of hThumb (Consurf) (29) , and most likely binds the P6.1 stem loop of the activation domain of telomerase (6) . Three reported disease mutations (V1025F, N1028H, and V1090M) are located within this pocket of hThumb. We discussed some of these mutations previously in the context of the telomerase model published in PNAS (6, 30) . With the hThumb structure at hand, we want to point out that these mutations indeed form part of the FVYL pocket of TERT (Fig. 5C ). The precise mechanism of action of these mutations in telomerase function can only be obtained in the presence of a structure of hThumb bound to the P6.1 stem loop of CR4/5. However, we decided to test whether these mutations have an effect on hRNADNA binding. As we mentioned in the results section of the manuscript, V1025F most likely aggregates in solution, and we could not obtain an accurate K d . However, FP assays of N1028H and V1090M show a subtle change in hRNADNA binding affinity (Յ1.5-fold) compared with the WT enzyme (Fig. 2, A and B , and supplemental Table S1 ). This is not surprising because these two residues (N1028H and V1090M) comprise part of the loops that connect helices ␣2-␣3 and ␣4-␣5 respectively (Fig. 5C ). They are located Ͼ20 Å away from the hRNADNA binding site and are not involved in the structural organization of this domain. The subtle changes in hRNADNA binding combined with the effect on P6.1 binding potentially explain the detrimental effects of these mutations in telomerase function and the development of the bone marrow failure-associated diseases.
Taken together, our data suggest that the disease-associated mutations discussed here do not alter the overall stability or expression of TERT, but instead, they are preventing proper nucleic acid interactions, resulting in significant decrease in telomerase activity and processivity. Consistent with the structural and biochemical assays, Southern blot analysis of DNA extracted from total peripheral blood white cells of patients carrying these disease mutations showed significantly shorter telomeres, a chromosomal defect usually associated with impaired telomerase activity (19, 31-33). The role of TERT missense mutations associated with DC/AA/PF is very hard to establish because they are so rare. However, our structural and biochemical data provide significant insights into the role of these mutations in telomerase function and how they may contribute to human disease. Some of the main telomere-associated characteristics of these rare genetic disorders are significantly reduced telomerase activity and short telomeres. The severity of the disease is directly related to the degree of telomere shortening, which can be attributed in part to a dysfunctional telomerase.
Experimental Procedures
Protein Expression and Purification-The human thumb domain residues 961-1132 were cloned into a modified vector expressing a hexahistidine tag (His 6 tag) followed by a tobacco etch virus-cleavable small ubiquitin-like modifier (SUMO) fusion protein at its N terminus. The protein was overexpressed in Escherichia coli ScarabXpress-1 (T7Lac) cells (Scarab Genomics) at 16°C overnight using 1 mM isopropyl-␤-D-thiogalactopyranoside (Gold Biotechnology). Cells were harvested by centrifugation and resuspended in buffer containing 25 mM Tris-HCl (pH 7.5), 0.5 M KCl, 5% glycerol, 0.1 mM benzamidine, 0.1 M PMSF, and 15 mM imidazole prior to lysis via sonication. The hThumb protein was then purified over a nickel-nitrilotriacetic acid resin (MCLab) column. The His-SUMO tag was cleaved by tobacco etch virus endopeptidase overnight at 4°C. We further purified the protein over a porous HS resin (Applied Biosystems) column using a gradient of 25 mM Tris-HCl (pH 7.5), 0.5-1.5 M KCl, 5% glycerol, and 1 mM DTT. The protein was then concentrated and passed over a Superdex S200 size exclusion chromatography column (GE Healthcare) to remove any aggregation before moving on to crystallization.
Protein Crystallization and Data Collection-For crystallization studies, the purified protein was concentrated to 10 mg/ml and dialyzed in a buffer containing 5 mM NaHPO 4 (pH 7.5), 100 mM KCl, and 1 mM TCEP. Crystals appeared within 3 days in sitting drop trays containing 0.8 M Li 2 SO 4 , and 50 mM Bis-Tris (pH 8.5) at 10°C. Crystal diffraction was significantly improved with the additives 1 mM GSH/GSSG and 3% 1,6-hexanediol. Native and derivative data were collected in house on a Rigaku MicroMax-007 HF rotating anode X-ray generator (wavelength, 1.54178 Å) with VariMax optics and using a Saturn 944 HG CCD detector. The data were processed with XDS (34) ( Table 1 ). Phases were determined using the single anomalous dispersion method using a mercury derivative prepared by soaking the crystals with 1 mM methyl mercury chloride for 30 min. Five mercury sites were identified by AutoSolve as implemented in Phenix (35) followed by phase calculation, density modification, and model building ( Table 1) . Phenix produced a partial model, which we completed in COOT (36) and refined using REFMAC5 (37) . The models were prepared in COOT using structural overlays, and the figures were prepared with PyMOL (38) .
Fluorescence Polarization Assays-We tested hThumb (WT and mutant)-hRNADNA binding using FP assays with the Envision Xcite multilabel plate reader (PerkinElmer Life Sciences). 20-l binding reactions were carried out in a buffer containing 20 mM Hepes, pH 7.5, 100 mM KCl, 2 mM MgCl 2 , 1 mM EDTA, 2 mM DTT, 1 mg/ml BSA, 5% (v/v) glycerol. The hRNADNA probe consisting of the human telomerase RNA template and telomeric DNA linked together by a stable tertraloop (italics) (rCrUrArArCrCrCrUrGrCdTdTdCdGdG-dCdAdGdGdGdTdTdAdG) was purchased with a 5Ј-6-FAM label from Integrated DNA Technologies. The final probe concentration used was 2.5 nM, whereas the hThumb protein concentration ranged from 0 to 15 M. We incubated the reactions at room temperature for 30 min and pipetted in triplicate into a black 384-well optiplate (PerkinElmer Life Sciences). The reactions were excited at 480 nm, and the emissions were measured at 535-nm wavelength. The milipolarization values were calculated by the Envision operating software (PerkinElmer Life Sciences). The data were fit and the binding constants were determined with a one-site fit all, nonlinear regression model using PRISM 5.0 (GraphPad Software).
Cell Culture-HEK293T cells were grown in DMEM (Gibco) and 10% fetal bovine serum (Gibco). WT and mutant pcDNA6-hTERT and WT pBS-U1-hTER were transfected in a 1:3 ratio into confluent cells following the standard Lipofectamine transfection reagent protocol (Thermo Fisher Scientific) as previously described by Cristofari et al. (39) . The following day, the cells were transferred to a t25 flask and allowed to grow for an additional day. Two days post-transfection, the cells were trypsynized, pelleted, and stored at Ϫ80°C until needed.
Western Blotting Analysis-For the Western blotting analysis, standard immunoblot protocols (40) were used with the following antibody dilutions: anti-human TERT antibody (Abbexa, product no. 120550 (27) , 1:1000 dilution), anti-␤-actin antibody conjugated to HRP (Abcam, product no. 49900, 1:1000 dilution), and secondary HRP-conjugated anti-sheep IgG antibody (Santa Cruz Biotechnology, product no. 2924, 1:1000 dilution) used to detect the human TERT antibody. Detection of antibody signal was done with chemiluminescence activated using 2 ml of Luminata Forte Western HRP Substrate (Millipore). The signal was detected and developed with a Fuji LAS-3000 scanner. Western blotting signals were quantified using ImageQuant TL (GE Healthcare) and normalized using the ␤-actin signal as a loading control.
Direct Telomerase Assay-Total cell lysates were prepared using 1ϫ CHAPS lysis buffer (150 mM KCl, 50 mM Tris-HCl, pH 7.5, 1 mM MgCl 2 , 1 mM EGTA, 0.5% CHAPS, 10% glycerol, supplemented with protease inhibitor mixture and 5 mM ␤-mercaptoethanol). Endogenous, WT, and mutant lysates containing 2 g of total protein were incubated in a direct assay reaction mix (50 mM Tris-HCl, pH 8, 50 mM KCl, 1 mM MgCl 2 , 1 mM spermidine, 5 mM ␤-mercaptoethanol, 0.04 mM dGTP, 0.5 mM dTTP, 0.5 mM dATP, 32 units of RNasin, 1 M hTel Substrate TTAGGGTTAGCGTTAGGG) for 1 h at 30°C. After incubation had finished, 10 nmol of a 32 P-labeled loading control (single-stranded, yeast telomeric DNA, 10 bases long) was added to each sample. DNA was isolated by overnight precipitation in 3.6 M NH 4 OAc (pH 5), glycogen, and 100% ethanol at Ϫ80°C. The following day, DNA was pelleted and resuspended in 20 l of gel loading buffer (98% formamide, 10 mM EDTA, and 0.05% xylene cyanol) and incubated at 95°C for 5 min. Samples were then run on a 10% polyacrylamide (19:1), 8 M urea gel for 2 h at 1800 V. The gel was then fixed with a 30% meth-anol, 10% acetic acid solution, and vacuum-dried at 80°C for 1 h. The gel was exposed to a phosphor storage plate overnight and imaged the following day.
Direct Assay Quantification-The direct telomerase assays were quantified as described previously (28, 41) . Briefly, the activity of each protein (WT or mutant) was determined as follows: we used ImageQuant TL (GE Healthcare) to determine the intensity of each band on the gel. The total intensity of each sample was adjusted based on the loading control. The intensity of each band was normalized for the number of radiolabeled nucleotides added per repeat. The total lane counts were then measured by taking the sum of the normalized band intensity over the entire lane.
The telomerase processivity for the WT and mutant hTERT proteins was quantified as follows: the intensity of each repeat was quantified using ImageQuant and normalized by dividing by the total number of hot Gs incorporated per repeat number. For each repeat (x), the number of telomeric products not extended (or fraction left behind) was calculated by dividing the total intensity of bands (1-x) by the total counts from that lane. We then plotted the natural log of 1 Ϫ the fraction left behind against each repeat number and the slope (m) from the linear regression (supplemental Fig. S2 ) of this graph was used to determine the processivity of each telomerase (WT or mutant), by dividing Ϫln(2)/m. 
